terial. This creates problems in many types of applications because of the often rapid clogging of pores and low flow rates. In addition, many viruses and soluble endotoxins cannot be removed without the use of ultrafiltration. Obviously, the development of filters that would retain by a combination of adsorption and filtration would offer a major advantage over other fonrns of filtration media. Such filters could extend the size range of particles and the types of material that could be removed by a given porosity filter. In this report we show how charge modification of filters can be used to enhance removal of microorganisms from water.
This report demonstrates how electropositive filters can be used to enhance the removal of microorganisms and other negatively charged particles from water. It was shown that electropositive depth filters were capable of adsorbing viruses and endotoxins many times smaller than the average pore size of the filter. Electronegative filters of similar porosity or electropositive filters that had been treated to destroy the positive charge were almost ineffective under similar conditions for the removal of viruses and small latex spheres. The terial. This creates problems in many types of applications because of the often rapid clogging of pores and low flow rates. In addition, many viruses and soluble endotoxins cannot be removed without the use of ultrafiltration. Obviously, the development of filters that would retain by a combination of adsorption and filtration would offer a major advantage over other fonrns of filtration media. Such filters could extend the size range of particles and the types of material that could be removed by a given porosity filter. In this report we show how charge modification of filters can be used to enhance removal of microorganisms from water.
MATERIALS AND METHODS
Contaminants and their assays. Poliovirus type 1 (strain LSc) assays were performed by the plaqueforming unit (PFU) method using the BGM cell line, which was passaged, grown, and maintained by previously described methods (8) . The PR-8 strain of influenza virus was grown in 11-day-old chicken eggs and was assayed by a hemagglutination test using a microtiter procedure and 0.5% chicken erythrocytes (3) .
Bacteriophage MS-2 was grown and assayed by the PFU method, using Escherichia coli B ATCC 15597 (1) Filters. The following filters were used in this study: nitrocellulose (type GS, 0.22-,um pore size; Millipore Corp., Bedford, Mass.); epoxy-fiber glass (DuoFine series, 0.25-.um nominal pore size; Filterite Corp., Timonium, Md.); and charge-modified cellulose diatomaceous earth filter media (Zeta-plus 05S, 30S, 50S, 90S, and 5OC; AMF/CUNO Division, Meriden, Conn.). The M and D filters were also charge-modified filters especially fabricated for this project. The nominal pore size of the Zeta-plus media ranged from 0.2 to 2.0 ,um. The manufacturer utilizes a progressively smaller code prefix to represent a progressively larger nominal pore size. All filters were used as circular disks housed in polypropylene or stainless-steel holders at 47-or 25-mm diameter. Since no exacting porosity (p) data are available on the Zeta-plus and Filterite filters, a comparison of flow rates at constant Ap was determined to gain a rough comparison of porosity of the filters (Table 1) .
Filtration. To evaluate removal efficiency, the contaminant under study was placed in dechlorinated Houston tap water (average of 450 mg of total dissolved solids per liter), double-distilled water, or solutions of distilled water containing various concentrations of NaCl. When polystyrene beads were used, a peristaltic pump was used to pass the solution through the filter material. In the case of microorganisms and endotoxin, the contaminated solutions were placed in a stainless-steel pressure vessel and passed through the filter media with positive pressure at a constant flow rate. Usually from 50 to 2,000 ml was passed through the filter media, with samples being collected after 50, 100, 500, 1,000, and 2,000 ml had passed through the filter. No significant change in the amount of contaminant removed was observed. All values represent average values for all filtrate samples collected.
Electrophoresis of filter media. The electrophoretic mobility of the filter media as a function of pH was determined by use of a Zeta-Meter (Zeta-Meter, Inc., New York, N.Y.), according to the manufacturer's instructions (10) . Filter media were extracted by pulling the filter apart with a pair of forceps. Particles of a suitable size were placed in buffered solutions of ionic strength of 0.2, prepared according to Miller and Golder (9) .
RESULTS
Retention of poliovirus, influenza virus, MS-2, and E. coli by filters of various porosities and net charges is shown in Table 2 . All of the filters retained significant numbers of bacteria, except for the largest-porosity S-grade and the Filterite fiberglass filters. Bacteria were removed by a combination of physical filtration and adsorption. Virus removal by the filters tested depended most on adsorption, since their diameter is many times smaller than the pore size of the filters. The electropositive 50S and M grades were more efficient in removal of all the viruses studied than were the less positively charged Cgrade and the negatively charged fiber glass, Dgrade, and cellulose nitrate filters. The fiber glass and cellulose nitrate filters are thin-sheet media, but the D grade is a depth filter similar to the C, M, and S grades. The most electropositive material, M, also appeared to be the best at removal of the viruses studied. The electropositive M filters were also the best for removal of endotoxin (Table 3 ). The effect of filter surface charge on the removal of latex beads by filter media is also indicated in Fig. 1 Autoclaving of the C-grade filters resulted in destruction of the electropositive charge on the filter and its ability to efficiently remove latex beads with a diameter of less than 0.6,tm (Fig.  1) . After autoclaving, only mechanical straining resulted in the removal of the latex beads. The importance of the electrokinetic effect in the removal of latex beads is shown in Fig. 2 . In this experiment, the electropositive charge on the S grade filters was destroyed by alkaline treatment (Fig. 3) . Comparison between the sizes of particles removed before and after destruction of the positive charge indicates that electrokinetic effects play a major role in the removal of particles below 1 rum in size with this type of filter.
The pH and salt concentration of the fluid that is being filtered can greatly affect the charge not only on the substance being filtered but also on the filter media. The effect of pH on the removal of bacteriophage MS-2 from tap water by the various filter media is shown in Table 4 and on latex beads by the S-grade media in Fig.  4 . All of the filters performed best at lower pH, but only the electropositive fiters performed well above pH 6 .0. The electropositive S-and M-grade filters retained far greater amounts of virus than the negatively charged filters at all pH values tested. As indicated by the effect of pH on removal of latex beads by an S-grade filter, the capacity of the filters is also reduced at high pH values.
Varying concentrations of NaCl had no appar- fect on the removal of bacteriophage MS-clogging and extend the operational life of the ;he electropositive M-grade filter, but did filters. In this study, we attempted to show how Iy enhance adsorption at lower concentra-modification of the net charge on a filter surface [ Table 5 ). Increasing concentrations of salt, can be used to enhance the removal of susrer, did tend to reduce the retention capac-pended particulates and microorganisms.
latex beads by S-grade filters (Fig. 5) .
In most fluids, microorganisms and other organic and inorganic matter exhibit a net negative DISCUSSION charge. Therefore, the use of electropositive filters would be expected to enhance the removal recently emphasized by Zierdt (12) , the of suspended matter in water by electrokinetic ence of particles to filters with pore sizes phenomena. An example of this is seen in the than the particles to be removed is of study of Sobsey and Jones (11), who showed importance in all applications of filter that poliovirus adsorbed to a greater extent at Dlogy. Large-porosity-size filters delay near-neutral pH in tap water to electropositive than to electronegative filters.
Results of studies on the depth filters indicated that for particles larger than 1 ,um, physical Fig. 4) (4, 7).
The results of this study indicate that electropositive filters are effective in the removal of a wide range of microorganisms over a wide range of pH values and ionic conditions. On the other hand, electronegative filters of similar porosity were effective over only a limited range of pH values and salt concentrations. The use of electropositive filters would appear to have widespread application in the removal of microorganisms from water, for the concentration of both bacteria and viruses from water (9) and harvesting (5) for removal of endotoxins from contaminated parenterals and foods (6) , and for immobilization of microbial cells and antigens.
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